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INTRODUCTION

The tropics has been known as a region of great heat for many

centuries. The Greek division of the earth into "klimata" portrayed a

"torrid" zone between the Tropics of Cancer and Capricorn, and Hadley's

eighteenth century (Hadley, 1735) explanation of the causes of the trade

winds was based on the idea of the excess heat of low latitudes causing

equatorial air to rise and produce an inflow of air from nrth and south.

Among more recent workers, Simpson (Simpson, 1930) calculated the

atmospheric heat budget and showed the region within approximatel,r 30'

latitude of the equator to be one of positive heat. balance throughout

the year.

Most of the solar radiation which is the source of all this

energy, passes through the atmosphere to the surface of the earth.

Terrestrial long-wave radiation causes some loss of surface energy

and gain of heat to the atmosphere, but the greater part of the heat

received by the tropical atmosphere, and passed on to higher latitudes,

is contributed by the turbulent and convective processes associated with

the fluxes of latent and sensible heat from the tropical seas and lands.

The exchange of energy at the tropical air/surface interface is thus

extremely important to the global atmospheric circulation. Mo_^eover,

these transfers are frequently small-scale phenomena, even though they

ultimately contribute to atmospheric circulation on the largest scale

(Kuettner and Holland, 1969). Thus, the surface exchanges in the tropics

need to be studied in detail and on a microscale if their contribution
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to the atmospheric system is to be properly understood.

A great deal of attention is currently being paid to the

air/sea interface within the tropics (Garstang and LaSeur, 1968; Kuettner

and Holland, 1969). This is not surprising in view of the large amount

of water lying within 300 latitude of the equator, the upper layers of

which constitute a vast storehouse for the short-wave solar radiation

received at the surface (Kuettner and Holland, 1969). The land areas of

the tropics cannot, however, be neglected. Continental territcries such

as tropical Africa, tropical Soutli America, and northern Australia, provide

large areas of distinctive land-surface energy budgets, while scattered

through the tropical oceans are numerous islands. The latter contribute

to the atmospheric heat engine in two ways: by the energy balance of

their burfaces; and by the turbulence arising from their nature as

obstructions within prevailing, large-scale, oceanic wind-flow systems.

One such island is Barbados, the most easterly of the Leeward

Islards of the West Indies, 130 latitude north of the equator, and located

well within the trade wind belt of the North Atlantic ocean. There is no

lind between Barbados anc: the west coast of Africa. Thus, the island's

166 square miles of varied surface constitute a first obstruction in the

moist, North Atlantic trade-wind flow after many miles of trans-oceanic

passage. Such a location, in itself, provides a valuable base from which

t') study the influence of a heated island within the trade wind system

(Garstang and LaSeur, 1968). The island is, however, both large enough

and varied enough in surface character to provide a valuable base for

sampling the energy budget of an island land surface under tropical

conditions. In the south, where the island is widest, there is the
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Sopen, rolling country of the St. George Valley (Fig. 1). Immediately

to the north the land rises rapidly and relief intensit- increases.

f Nount Hiliaby, 1,115 feet aboVe sea level and the island's highest point,

is roughly the centre of a long north-south ridge which divides the island

sharply across the line of the prevailing trade winds. The eastern side

of th ridge is steep and deeply dissected; its western side slopes

* nmoothly to the shores of the parishes of St. James and St. Peter, while

gentle slopes also characterise the terrain descending towards Bridgetown.

This relatively simple, yet strong, physiography thus offers sufficient

variety to provide a base for studying how relief affects surface radiation

and energy budget characteristics. At the same time, it does not produce

so co1licated a pattern as to develop a degree of diversity which defies

analysis.

A mocageable di-ersity within a relatively simple framework

also characterizes the s- rfaoe expression of cultural activities. The

cmltivation of s-Vgr cane dominates the agricultural scene. However,

the lh,-al requiment that ten per cxen of plantation land should be in

* food crops, ensures the existence here and there of agricultural

landscapes other than sugar cane growing, while the existence of Bridgetown,

together with scattered areas of woodland and grassland, offers a

total ensemble of cultural landscapes sufficient to enable the influence

of these, as well as relief, to be incorporated into the energy budget

investigations.

Thi combination of location, relief, and cultural influences

thus makes Barbados a particularly suitable base for studying the surface

energy balance of a tropical island. Such a study involves solving the
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basic energy balance equations which for a land surface are:

RN (Q + q)(1 - a) + L+ - L(

•.-G = LE + H (2)

where RN is net radiation, Q is direct short-wave radiation, q is

sky-diffuse short-wave radiation, L÷ is long-wave emission from the

atmosphere, L+ is long-wave emission from the ground, G is heat

conduction in the ground surface, and LE and H are the latent and

sensible heat fluxes respectively.

Both these equations have been evaluated by numerous

scientists under a variety of conditions, both tropical and non-tropical.

The instrumentation and techniques for their solution are, therefore,

well known. As a rule the work has concentrated on observations at

points for different kinds of horizontal surface. Such observations have

pro,.ýridd an insight into the physical processes and diverse influences

involved in the surface energy balance and earth/air interactions. For

a realistic picture to eme:rg, however, it is necessary to evaluate also

the surface variations in the balance of energy. This is particularly

in•port-int in the tropics where solar energy is passed into the atmosphere

from the surface, and where small-scale exchanges at the earth/air inter-

face ca• have such important consequences for the circulation of the

atmcophere Pt large.

It is common practice in climatology to evaluate the spatial

distribution of phenomena from observations taken at points. Such an

* evaluation is as accurate as the basis on which the interpolation is m-de.

.-WON



f--- 6 --

-6-

If this basis is weak, the resulting patterns of surface variation are

poor, however, accurate the original point observations might have been.

Thus it is important to understand the processes umderlying a spatial

dis-ribution and to evaluate the surface variations in these terms

from point observations, rather therL to interpolate blindly from point

observaticAs which may only express the consequences of physical processes

and which are not, thevefore, in th.eaelves a valid basis for drawing

isarithmic lines of the element to be evaluated in spatial terms (Gamier,

1968).

It follows from this argimst tat to express the topographic

variations of the radiation balance (equaticn (1)), or cf the surface

energy budget (equation (2)i, it is necessary to see these as expressions

of fundamental physical processes which can then be employed in spatial

terms. Both equations express the interplay of three major factors: the

influence of earth/sun relationships; the effect of the atmosphere, largely

expressed through weather conditions; and the contribution of surface

characteristics. -These three factors can be classed respectively as

macroscale, mesoscale, and microscale, in both a spatial and a temporal

sense. Thus, earth/sun relationships are responsib]e for the fundamental

earthward flux of energy which varies in a large-scale way with latitude

and the season; atmospheric influences are largely mesoscale in character

in terms of the synoptic scale of fundamental weather influences; and

surface character operates at the microscale level by exercising final

control over conditions at a given spot, within the framework provided by

the other two elements.

Experiment-al work currently proceding in Barbados can measure

the parameters of both equations (1) and (2). These measurements become
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spatially meaningful when they are applied in terms ot the fundamental

approach indicated above. This provides a rational way Wo solve the 1
radiation balance and energy budget equations in terms of their topographic

variations. Such an approach, moreover, does not necessarily require

a close network of observation points (Gamier, 1968).

Althogh the ultimate aim is to try to solve both equations

(1) and (2) in this way, the initial concentration has been on the

solution of equation (1). This expresses R in terms of shortwave and
n

longwave radiation balances. The work to date has emphasised the

topographic variation of shortwave radiation income (Q + q) the

evaluation of which from the observations of a single, representative

site can now be satisfactorily achieved (Gamier and Ohmura, in press).

This evaluation is fundamental to the solution of equation (1) and also

involves the most intricate calculations. The purpose of this report

is principally to discuss the methods used and to show some of the

results achieved. Work on the evaluation of the other elements of

equation (1) is currently proceeding and will be reported on in due

course.

Id
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ii - TWE EV.ALZWiION OF SWIFACB VARIATIONlS
IN ýao-io oMDZ.M'ION INCOII

In order to evaluate the surface variations of global radiation

i]ncoe, it is necessary to calculate the direct and sky-diffuse couptinents

separately, and tW su the results. This is because the source of direct

radiation is different from that of sky-diffuse: the former comes directly

from the sun acting as a single source in terms of its position in the

sky; sky-diffuse radiation, on the other hand, cores from diverse sources

depending partly on the position of the sun in the sky and partly on

the composition of the atmosphere, especially its bloudiness, at a given

time. While the contribution from both sources can be treated theoretically

and mathematically, the calculation of topographic variations of direct

radiation is simpler than that of sky-diffuse radiation, and will be

considered first.

Evaluation of Direct Solar Radiation Income

Tthe integration ove- all wavelengths of the fundamental formula

for the monochromatic intensity of the solar beam yields a general law

of transmission (Haltiner and Martin, 1957) for the flux of direct

solar radiation such that:

SI I p' (3)m

1 where IM is the energy in langleys per minute delivered by the sur. on

- ; I

-----------------------------------
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a surface normal to the sun's rays, I is the value of extra-terrestrial

radiation equal to the solar constant divided by the square of the raA'ius

vector of the earth, p is the mean-zenith-path transmissivity of the

atmosphere, and m is the optical air iiass.

The flux of direct solar energy falling on a surface is,

however, only equal to I under the particular situation that the surface

is, in fact, normal to the sun's rays. For all other cases, the intensity

of radiation falling on a surface is the value of I modified by them

relation between the angle and azimuth of the surface on the one hand,

and the height and azimuth of the sun on the other. By expressing these

characteristics of the surface and the sun by means of unit co-ordinate

vectors, an equation can be derived to express the flux per minute of

direct radiation on any surface in the form:

I = I rpm cos(X/•S_ (4)

where I is the intensity of the shortwave radiation in langleys per

minute falling on the surface, X is a unit co-ordinate vector normal to

the surface and pointing away from the ground, S is a unit co-ordinate

vector expressing the position of the sun, and A is a symbol denoting

the an gle between X ind S.

This equation can operate in several ways. The way chosen in

the present context is to think of the sun as moving north and south with

tI'e seasons along the meridian of solar noon, and to consider the surface

as rotating around the earth's polar axis once in twenty-four hours. This

concept enab2es S to be expressed solely in terms of the cosine and sine

of the sun's angle of declination (6), and X to be expressed in terms of
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the latitude of the surface (0), its angle of slope (given by the zeni.th

angle (Z ) of X), and the azimuth (A) of the surface. It can then be

shown (Gamier and Ohmura, 1968; Ohmura 1969) that, for a given moment of

time:

c s) = (sint cosH) (-cosA .inZ ) - sin-(sinA cosZ )

+ (co-V cosH) cosZ I cos6 + [cosli (cosA sin')

+ sin cosz Isi6 (5)

where H is the hour angle measured from solar noon positively towards

west and A is measured positively from north through east and negatively

from north through west.

Equation (5) indicates that the value of cos (XA S) can be

derived without difficulty from surface geometry and other readily

available data. The value of m in equation (4) can also be derived in

terms of the components used to express X and S provided that the secant

approximation for the value of m can be used. Under these conditions

(Gamier and Ohmura, 1968);

m = 1/cosZ = i/(cos6 cosq cosH + sin6 sing) (6)

where Z is the zenith angle of the sun. When Z exceeds 700, however,
s s

the secant approximation for m is invalid and the true value of the

optical air mass as given, for example, in the Smithsonian Meteorological

Tables (List, 1966, p. 417) must be used.

- I
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2he only eleuemt of equation (4) which cannot be obtained

from tables, earth/sun relationships, or terrain analysis, is atmospheric

transmissivity (p). This is a highly variable quantity, being in a

general way a function of the weather and prevailing air mass characteristics.

The calculation of p for cloviless conditions can be made ',y stadard

mthods (de Brichambaut, 1963). Hwver, the procedure for evaluating

direct ridiatios suggested here assws the existence of observations at

a site representative of the region over which the surface variations in

short-wave radiation Lucxa are to be evaluated (Gaixier and Cbmra, 1968).

Under such circmstances, j nay be evaluated from equation (3) or by

using the measured value of direct radiation as an indicator of the mean

atmospheric transmissivity for the day or hour in question. Both these

methods require that the radiation cbgervations being used permit direct

radiation to he distinguished from sky-diffuse radiation.

Equation (4) is the fundamental equation for calculating the

flux per minute of direct radiation on a surface of any slope and azimuth j
anywhere on earth. For practical purposes the equation must be integrated

over time periods longer than the minute to which it refers. This integration

can be achieved by means of a summation approximation (Ohmura, 1968)

using sufficiently small time intervals (t) in the expression:

t 2

I r E p cos (XAS)At (7)

t=t1

where Ist is the total over a given tire period such as a day or an

hour, and t1 and t 2 are the first and last times, expressed in hour

angles, when the sun shines on the surface during the period in question.
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Summation at one-minute intervals is practicable with the use of high-

speed computers. However, such a refinement is not normally necessary.

Analysis shows that to use = 20 minutes will give an accuracy, at least

for daily totals, within 5% of that using t = 1 minute (Ohmura, 1969).

Since an accuracy of 5% is within the observational error of instruments

normally used for measuring radiation, such a time interval has been

adopted in the calculations made in the present context.

Evaluation of Sky-Diffuse Radiation Income

The evaluation of solar radiation income is F relatively

straightforward matter in that the source of origin of the radiation is

a single point in the sky. When sky-diffuse radiation is considered, however,

the matter becomes more complicated. Sky-diffuse radiation reaches the

£ surface by scattering and by reflection from clouds. Under completely

clear sky conditioub, sky-diffuse radiation reaches the surface only by

scattering, with a maximum concentration of -he source of diffuse radiation

in the area around the sun. The presence of clouds, however, introduces

additional sources of sky-diffuse radiation until, under overcast conditions,

the source of sky-diffuse radiation is a homogeneous celestial hemisphere.

Under the latter conditions the scattering by w&ter droplets will be

independent of both wavelength and direction; under completely clear

conditions, however,when Rayleigh scattering dominates, the flux of

diffuse radiation depends both on wavelength and the direction of the ray.

It is clear from the foregoing that an almost infinite number

of situations exist under which sky-diffuse radiation reaches the surface.
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To solve all the cases is an almost impossible task, although the

mathematical argument involved is not too complicated. This argument

may be explained by reference to Fig, 2.

If the intensity of diffuse radiation from the part of the

sky (g, H ) is expressed as D(g, H ), the amount of diffuse

radiation emitted from the area cosg dg d H and received on a surface,

the plane of which is normal to the source of emission, will be:

D(g, @ )cosg dg d

The flux of diffuse radiation on a slope of gradient 0 will then be;

D (g,® )Cosg Cos( + e)dg d

By integration it can then be shown (Ohmura, 1969) that the flux of

diffuse radiation from the whole celestial hemisphere will be:

w/2 -0 w/2D f -/2 -/2f ig, _ )cosg cos ( + G)dg d (8)

-7r/2 -4r/2 jd(8

Equation (8) is thus the fundamental equation for calculating the flux

of sky-diffuse radiation on a given surface. To solve it requires a

large number of measurements since the value of D(g, @ ) changes

rapidly. However, if a homogeneous celestial hemisphere is assumed,

equation (8) reduces (Ohmura, 1969) to the well-known Kondrat'yev

equation (Kondrat'yev, 1965) for calculating the sky-diffuse radiation

falling on a slope from the value measured on a horizontal surface:

* .- ----------- - . --
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D Dh 29 (9)s h 2

where Dh is the sky-diffuse radiation measured an a horizontal sarfaoe.

This eauation is simple to operate and uses readily obtained

data. For this reason alone it tends to be commnly used. In the p tesmt

context, mozeover, its use "oes not lead to serious inaccuracies:

firstly, if the formula is used for daily totals of sky-diffuse radiation

it means that there will have been integration over the entire hemisphere

above the plane of the surface, so that the inaccuracies inherent in the

formula will be reduced (Robinson, 1966); secondly, the contribution of

sky-diffuse radiation to global radiation is minimal under clear-sky

conditions when the assumption of a homogeneous celestial hemisphere is

least valid, and is maximal under overcast or very cloudy conditions when

calculation by the formula contributes its most acccarate results.

Consequently, in the present study, the topographic variation5 in global

radiation are calculated by combining equations (4) and (9).

Accuracy of the Method of Evaluation

Theoretical consideratior suggest that the procedures described

for evaluating the topographic variations of global radiation income

by the use of equations (4) and (9) will yield results which, at least

for daily totals, do not exceed the 5% error suggested as permissible in

view of instrumental liritations. To test this claim a series of

measurements was made at Mont St. Hilaire, Quebec, (lat. 450N) from August

29 to September 2, 1968 .

A more extensive series of measurements is at present currently in progress
in Barbados, but the results from them are not yet available.



rA I B

Raito, Mot St Hiaie Qube

(lat. ; , r , Aug.. 2, 1968

"I . -

* I

iS

A-uosm 2

4 - - B scum :



- 17 -

Three Kipp and Zonen pyranwtezs were installed, at an angle

of 20" facing north, east and south respectiwly. At the same tim an

Eppley pyrm ter, tilted at an angle of 200 on a tripod and suitably

taded, was rotated successivly eve t-mnty nmnutes to faoe north,

east. and south. Two other Kipp and Zonen pyranmetes recored gibal

and sky-diffuse radiation continously on a horizontal surface. The

value of direct shortwav radiation thus evaluated for a horizontal

surfa~e was used to obtain the transmissimn coefficient of the atnosph.•"e

which was then euployed in calculating global radiation am the sloping

surfaces. For this purpose the following equation (CUkura, 1969) was

used:

CoW.Global = IraPcom (X^ S) + Dh 2 + Al (Q - D)si82 (10)

In this equation , the first and seccud term on the righthand side are

from equations'(4) and (9), The third term is reflection from the

surroundxia area. Calculation shows th.at tris third term is generally

less than 31 of the shortwave reflected radiation and, therefore,

contributed less than 1% of the global radiation, since the experiment

was conducted in grassy surroundings where the albedo was less than

0.30. Thus, although the term was considered during the experiment its

small contribution can be normally safely neglected in evaluating surface

variatious of short-wave radiation.

The results of the study are shown in Fig. 3. The dots are

plotted in respect of the twenty minute totals computed and measured

during the four days of the experiment. The 1:1 relationship line

on each diagram indicates visually the resulting close cor.elation.

m I• ,7!"I' m I",l!mm[ '
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I txt-stically this correiation is calculated as;

North 20c r = 0.995
East 200 r = 0.996
South 20 r = 0.996

These results suggest that the method for calculating topographic

variations in short wvve .adiation income suggested 11 this report is

tvasonably accurate. It is interesting to note, however, that the error

in calculated results is greatest an both north and south-facing slopes

f when measured shortwave radiation values are high, but that the sign

of the error on the north slope is opposite to that onthe south slope.

This can be explained mainly by the formula used to evaluate sky-diffuse

radiation. A comparison of the computed and measured values of this

element alone is shown in Fig. 4. This comparison indicates that the two

values were close to each other when the sky was overcast, and diverged

considerably under clear sky conditions. Thus, when the sky is clear

and the sun is hiqh, the sky-diffuse radiation will be underestimated on

a slope towards the sun owing to the high proportion of sky-diffuse

radiation coming from the vicinity of the sun. For the same reason,

the sky-diffuse radiation will be overestimated on a slope facing away

from the sun. On the other hand, the more nearly homogeneous conditions

of low sun or overcast conditions is expressed in the greater accuracy

of the computed values when global radiation values are low.

I...-":••;•*-- ...•o ,,,r •m,"pi iI1I!•. . •
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III

COMPUTER PROGRAMMING AND MAPPING PRDCEDURES

The computer programning and mapping procedures whereby

evaluation of surface variations of global radiation are effected may

be considered in three sections: the basic computer programming

involved; the way to map the data; and some particular aspects

useful in a tropical context.

Basic Computer Programming

The computer programme which is fundamental to all calculation

and mapping of global radiation on slopes, is the programme for computing

direct radiation from equation (4), using the elements shown in

equations (5) and (6) respectively. This programme, arranged for a

print out in table form (Table One) is illustrated in Figs. 5 and 6.

The notation used in the programme is as follows:

F is the latitude, given in radians.

FO is the angle of declination of the sun, also given
in radians.

SOL is the value of the extra-terrestrial radiation in
langleys per minute.

G is the atmospheric transmiasivity, given in the
programme illustrated for numbers between 0.40 and
0.85 in steps of 0005.

Q1 is the value of the optical air mass; this is
calculated from equation (6) imtil the sun's zenith
angle is equal to 700, from which point onwards the
true optical air mass as given in the Smithsonian
Meteorological Tables (List, 1966) is used.

_-_,-~l'' I' __ _ _ _ _ _ __I_ 27.;I......
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C CALCULATION OF DIRECT INSOLATICN ON TH4E SLOPES
* C UNIT LANGLEVS PER DAY

0001 CIPEKSICKb X131, Q(191
C LATITUDE IN RADIANS

0002 F-0.22f9
*C CECLINATIOh OF THE SUN

0003 130 REAOIS,131,EKD-999)FC9 SCL
0004 131 FORMAT (F590,F'..0)

C TRANSMISSIITY F, .G

*OOCT 10 FORM4AT (IH1,9HLATITUOE9,FT.4fI1314 0ECLINATION09F6*ZIf
1161- TRANSMISSIVITYeF5*2///
211H4 ANGLE OF ,45X,
3 18HAZINUTH OF SLOPE /614 SLOPE,3X9314 0,3X,3N IO#3X93
4H4 2O,3Xt314 30,3X,3 4 'O#3X9311 5093Xt314 6093X,
5314 70,3X9314 PO,3X9314 90*3X9314lC0,3X,3H110,3X,314l20,3Xt
63H 130. 3Xt,314k403X, 314150,3X .31460 ,3X,3H17C,3X, 31180/I

0011 00 1 I-LY19
0012 X(1)in-CCS(AI*SIN(B)
0013 X(2)gSIN(a)*SIN(A)
0014 X13)=CCSIS)
0015 Tl.(X(1)*SIN(F)+X(33*CCSIF3I*COS(FOI
0016 T2a(-X(1I*C0S(FIX(33*SJNfi'-I*SINIF0)
0017 h'-2. IC
0018 0(13=0.0
0019 5 QCZCiJSIF()*CCSIFI*C0SthJSINIFCI*SINtFI,
0020 lb=+0. C873
0021 IF(QO.LE.O090 GC TO 5
0022 0Z=-X12)*SIN(WI*CCSIFOI.T1*COjS(htI
0023 CTaQ2*T2
0024 IFjh.GT*2s1) GO TO 1
0025 IF(QToLE*O0*0 GO TO 5
0026 C1=1.0/(CC+0.00011
0027 IF(Q1-2&81 121, 121, 122
0028 122 !FM0.GE*2*9ýý 01=2.9C
0029 1Ff01.(E*3*0) C1-3*05
0030 IF(QI.CE93all 01=3.21
0031 IF(QI.GE.3.3) 01=3.39
0032 IF(QloGE93*5) 01-3.59
0033 IF(Q1.GE.3.7) 01z3.82
0034 IFQ1sG.E@4@0) 01-4.07

~.I0035 IF(Q19CE@4*6) C1-4*72
0036 IF(Q1*GE*5e0) CI=5*12
0037 1FfQI.CE*5e53 01=59LC
0038 IF(Q1.GE*6901 0106.18
0039 IF(Q1.GEe 6e5) 01=6.88
0040 JF(Q1.C-E* 8.0? 01=7.77
0041 IF(Q1.GE. 8.81 01z8*90
0042 IF(Q1sGEe10*C) Q01C.3
0043 IF(gl*GF*13*01 Q1s12.44
0044 IF(I&GE.17.01 01=15.306
0045 IFf1*C.E*24.0O) C1-19.7S
0046 121 IF(ABSICI).GT.45.0) dm=30.0
0047 Q(II=011)4200*OSCL*G**C1*QT
0048 IF(WoL792.1) GC TO 5
0049 1 A=A+0. 17453
0050 %RITE(6,201 BA, C
0051 20 FOPMAT420F6*11
0052 BsB40. 17453
0053 BA.BA+10.0Ii0054 IFfB.L7.1*60) GO TC 2
0055 G.G.0.C5if I0056 IFIG*LEeC*853 GC TO 7
0057 GO TO 13C
0058 999 STCP
0059 FNIQ

Fig. 6 The Computer Prograrme to Calculate
Direct Radiation on a Slope
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Table One

Table of Direct Radiation on Slopes, Barbados

LATITU0E• 0.Z2e9

OECL•NATICN# C.4C

TRANSMISSIVITYO 0.65

ANGLE OF AZI14UTH OF SLCOE
SLCPE 0 10 20 30 40 5C 6C 70 80 90 100 110 120 A50 140 130 160 170 180

0.0 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512.5 512o5 512.5 512.5 512.5 512.5 512.5

10.0 534.5 533.1 530.9 528.C 524.6 520.7 516.4 511.8 507.0 502.1 497.3 492.6 488.3 484.4 481.1 478.5 47t.6 473.6 475.7
20.0 541.C 537.7 533.1 527.6 521:2 514. C 5C6.3 498.0 489.3 480#2 071.2 462.2 453.5 445*3 438.3 432.5 42e.1 425.6 425.6
30*O 531,0 526,3 519*2 511*1 502,4 1113oC 1112*e 4'/2*0 4110* 4418,4 435*8 4,22,q 409*9 3911,3 386*11 3716*l 3611*7 3,64*3 363*19
40.0 504.9 498.a 489.5 479.3 466.1 458.5 447.6 435.4; 423.2 409.2 393.9 Mob/, z)60.5 343*3 327.e1 312.4 300.5 293*4 292.6

50.0 463.4 456.2 445.1 433.1 422.6 412. 403.2 392.4 379.7 364.9 37.e 328.6 307.9 286.3 264.8 244.7 227.4 216.6 214.4

60.0 407.9 399.7 387.2 314.2 365.7 359.2 352.6 344.0 332.3 317.8 299.5 278.3 254.6 229.2 202.9 177., 153.6 137.6 133.0
70.0 339.9 331.1 317.5 305.3 302.4 301.5 299.0 293q3 283.5 269.6 251.1 229.0 203.4 175.2 145.0 114.4 84.6 62.6 54.6
80.0 261.7 252.4 238.1 232.1 238.3 243.6 245.5 242.7 235.0 222.1 204.4 182.3 U56.2 126.9 95.4 62.5 29.3 5.6 0.0
SC.O 173.5 166.0 152.6 16S.1 179.4 189.5 194.7 194.3 188.6 177.1 160.8 139.8 114.9 87.O 57.2 26.8 0.8 0.0 0n0

A and B are the azimuth and gradient of slope
respectively; in the programme illustrated
the azimuth is given from 0 (north)to 1800
(south) in 10 degree intervals, and the slope
from 00 to 900 for every 100 degree interval.

W is the hour angle expressed in radians , .vith
solar noon equal to 0.000 radian; negative
values are before noon, and positive values
are after noon; in the programme illustrated
calculation starts at 0400 hours and terminates
at 2000 hours; the calculation is made at 20
minute intervals (20 min. = 0.873 radian).

The remaining elements of the programme constitute

calculations from the formulae used to compute the surface valnes

of direct solar radiation. These elements are found in the

calculation of X(1), X(2), X(3), Ti and T2. The shadow effects

taken into account are those caused by the horizon and the plane of

the slope itself. In the programme, QD stands for the cosine

of the sun's zenith angle. If this is negative, the sun must be
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Fig. 7 Seasonal change of the Latitude of Declination

of the Sun

TABLE TWO

Solar Declinations Selected for Computer Programming

Period Declination r
- (ly/min)

Nav.20 - Jan.23 -23*27' 2.07

Jan.24 - Feb.18; Oct.24 - Nov. 29 -15~'38' 2.06

Feb.19 - Mar.10i Oct.33 - Oct.23 -070491 2.04
Mar.11 - Mar.31, Sep.13 - Oct. 2 00000, 2.02

Apr. 7 - Apr.21; Aug.23 - Sep.12 07049' 1.99

Apr.22 - May 18; Jul.26 - Aug.22 15038' 1.97

May 19 - Ju. 25 23027T 1.94

.. .Ja.4- e.8 O.t24- ov -1538 -2.06
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belo•w tne horizon. QT denotes the cosine of the angle between the normal

of the slope and ths direction of the sun. QT will be negative when

the sun is behind the slope. Thus, by eliminating QD when negative

and QT when negative from the accumulation of the values computed

every twenty minutes, it becomes unnecessary to determine the hours

when the sun shines for the first time (t1 in equation (7)), and the

last time (t 2 in equation (7)) on each slope.

It is apparent that the computer programme illustrated applies

to a particular latitude (F) and refers also to a given time period for

which the angle of declination of the sun IMO) and the extra-terrestrial

radiation (SOL) remain constant. The value of the latitude remains a

constant which fixes the location of the area being examined. The values

of FO and SOL, however, will vary during the year.

To take account of the changes in FO and SOL for each day or

week of the year is time consuming and, in practice, unnecessary since

the influence of the day to day changes in the sun's position in

equation (7) is insignificant as compared with the influence of theI

other terms. Thus, it is convenient to divide the year into periods

for which a suitable declination and value of extra-terrestrial radiation

can be used. Since the curve of the latitude of the sun's declination

against time is sine-like , the procedure followed has been to divide

the year into periods of unequal length for which a given declination

and value of Ir can be regarded as a true mid-value. Such a division

is given in Fig. 7 and Table Two. The length of the periods have been

chosen bearing in mind the earlier stipulation that an accuracy of 5%

is appropriate in view of instrumental limitat.Lns. A division of the

year into twelve periods has, accordingly, been made,centering upon
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Fig. 8 Regions of Barbados for Relief Sampling
X: Complicated relief; Y: Intermediate relief;
Z: Gentle relief

Gradient Angle
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Fig. 9 Sanpling Points and Gradient Angles for the
Radiation Mapping Grid of Barbados

NOTE: Bracketed numbers refer to the sampling areas
in Fig. 8
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the representative declination and vaues of I giv in Table 2.r

aping the Data

In order to map the topographic variatians in short wavs

radiation over a given area an appropriate base map must be prepare&

This involves covering the area of studj with a grid at each inter-

section of which is marked the azimuth and gradient of slope. Th

closeness of the grid must be dec. ded in term of the detail of the

study being made and also the intensity of the relief of the area.&

The grid system used for the map of Barbador appearing in

this report was made from the eighteen sheets of the 1:10,000 topo-

graphic series, prepared in 1953 by the British Colounial Survys

(Basnayake, 1968). These map sheets have on them a basic grid, 10 c=

square. This grid provided a sufficiently close network for the

southern half of the island, with its gently-rolling physiography.

The more hilly central and eastern parts af Barbados, however,required

a closer grid system.

To determine this detail, three 10 cm squares of varying

types of complicated relief were selected (F-&. 8). The average

gradient for each square was calculated using successively doubled

numbers of sampling points. The results are shown in Fig. 9. The

gradient averages reached stable values at between 17 and 33 points per

10 cm square. Theref(-e, the figure of 25 points per 10 cm square was

chosen for the areas of most complicated relief of the island. This

resulted in a grid pattern of 2.5 cm squares.

An identical procedure was adopted as a means of selecting
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the grid density for use in areas of intermediate relief. As a result

"a grid of 5 ce squares was adopted for this part of the island. Thus,

it was possible to divide the island into the three regions shown in

Fig. 8.

To measure the gradient of the slope t each point of the

resulting grid, the number of successive contour lines over standard

distanme mas used rather than the difference between individual aejacent

contours. This procedure was followed tor two reasons: it is easier to

cout the successive contours cver a comparatively large pre-determined

Sstandard distance than to measure accurately small distances between

two o~ntours; and to use a standard distance for gradient measurement

enables ar. average value to be obtained that takes into account the area

around a sampling point, rather than using the value at a given single

moint. a circle, i5 m in diameter, was used for gradient analysis. This

proved to be an optimum size which avoided both the ambiguity of single

•I contour interpretation arising from the use of a smaller circle, end

the difficulty of determining average slope direction and counting too

many contours if a larger circle were used.

SThe 1:10,003 maps used to prepare the base map have contours on

them at 20 ft. intervals. For such a map, therefore, the number of contours

in a 15 mm distance corresponding to different angles of slope is given by,

15 tanX Y = (111Y 0.610

where X is the given angle of slope and Y the number of contour

crossings in 15 mm of map distance.

The calculation of the values of azimuth and gradient to be

---

r I --.'
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inserted at each intersection of the grid was effected by means of a

clear plastic protractor, with a movable pcinter of semi-rigid clear

plastic pivoted at the origin of the protractor. The pointer was marked

with a central longitudinal line, with another line at right-angles

to it and passing through the pivoted origin. A circle of 15 mm diameter,

wit-h its centre at the pivoted origin, was also marked on the pointer.

The protractcr, with the pointer attached, was placed with its centre of

origin on the selected grid intersection of the topographic map. To

obtain the azimuth of the sJlope, the pointer was moved so that its marker

line was perpendicular to the major contour trend, and the appropriate

angle was then read on the circular margin of the protractor. For

gradients, it was simply necessary to count the successive contours within

the 15 mm circle and to read the corresponding gradient from the values

in a table prepared from equation (11).

When measuring the gradients care was taken to ensure that the

contour lines were truly successive, and were not repeating the same

values as, for example, in the case of those doubling back on themselves.

In the case of open valleys or spurs, slope measurement was done on the

main axis. Narrow, deep.. valleys, a large aumber of which exist in the

limestone topography of Barbados, were ignored in the slope analysis.

This was because, in general, they play an insignificant role in the regional

picture of surface radiation variation, and especially because many of

them were found, on inspection in the field, to be choked with bushes and

trees so that the effective surface was often level with Lhe adjacent

surroundings, if not actually higher.

To effect the mapping of global radiation by using the base

map prepared in this way, a computer programme was made which calculated

• • .. .• • •., -,• , • , i • ! • i ll l ..'' •'• -'.'. . .. ..... .

I . .. .. l' l i" " - '
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the value of the global radiation tor each intersection of the base-

map grid. This calculation is made from the radiation data of a single,

representative site, which, in the case of the maps appearing in this

report, constitute the observations rif global and sky-diffuse radiation

made in 1964 at the Brace Experiment Station, in the grounds of the

Bellairs Research Institute, St. James (Tout, 1967, 1968).

For mapping purposes two sets of data cards were prepared:

one showing the azimuth and the other showing the gradient for each

intersection of the base-map grid. The maximum possible number of

columns per card for this purpose was twenty, since four units are

needed to indicate the azimuth in degrees and whether it is positive or

negative. Thus, the grid covering Barbados was grouped suitably into

major divisions, each division being twenty grid- points wide. The

programme thus calculated the global radiation values at the grid points

in one continuous length, twenty columns wide. The resulting print-out

was then divided suitably so as to conform to its actual pattern on the

map. To ensure the correlation of points on the map, an appropriate

overlap was made in the division of the grid into twenty-column-wide units.

The calculations effected by the computer are illustrated in

Fig. 10. The latitude (F) is expressed in radians. After reading the

cards giving the azimuth and gradient of each point in degrees, the

values at these points are converted into radians in steps 12 and 13.

Step 15 reads the year, month, and day (Li), the declination of the sun

In practice, it was found convenient to confine the division into twenty
colums to the region of complicated relief on the island. The remainder
of the island, where the base grid was wider, was divided into fourteen
column-wide units, and the computer programming for calculating this part
of tba island was modified accordingly.



-31-

C GLOeAL RACtATICN PAP R-AI*CCSI
0001 CIVESI~SCK A(12O,201.eI12C,.20IX(3IS~tZO,20l

C INPUT LATITUDE IN RADIAN~S
0002 F-C.22tS

C REAC THE hUPSER OF CARDS
0003 READ45#8081 L
0004 838 FOPMAT(131

C READ AZIMUTIP AND GRADIEN~T CF SLOPES
0005 RE*045,1001 I(D(1,Iv. Jw1,40VpI-1L1
COC& 100 FORMAT f2CF'..01
0007 PEAC15,I01i (18h19JOW919C), 1=19L)

0008 101 FORMAT 12C3*0)
00C9 CC 860 islL

0010 00 880 J=102C
0011 IF18t1,JjIEC*9C*C) GC TC EeO

0012 A(Ij1,xA1IqJ1*09CL74t5
0013 8I1j~js841,J)*O0*1745
C014 880 CONTINLE
0015 661 READ0151C29EkDx',99?L1, FC, IF, CIR, ('IF

0011, 102 FOPWAffl2, F4*0v 12v 2F6Cl
0017 hAITE (6,956)
00ts 956 FORMAT 11141)
0019 kRITE (69103IL1, I-12, IF, CIla, CIF

0020 103 FORP&T46H O4TED P 189 !'3!- CECLINATIOtI9 sF4*Cv 12//19" DIRECT INSOL

IATIONN ,F6et/2411 !KY-0IFFLEE I14SCLATICNO1 vF5.11

0021 FIF-IF
0022 FIF=FIF*0.0167
0023 IFWO) 2Cv 20, 21
0024 20 FCx(FC-F1FJ'0.01745
0025 GC TC 22
0026 21 Fr=IFC+FIF)*0.01745
0027 22 G=0.50

* 029 154 S5=0.0
0029 ha-ZelE
0030 155 CD-COS(FCI*CCS(F)*COS(W)4SJNIFOI*S NsIF)

0031 01-1.0110+.0.000113
0032 IF(A8SCICJ.'GT*4C1.0 CI=3C.C
0033 IFIQO.LT.O.01 CD-0.0
0034 SSzSS*80.0*G**C1*C0
0035 hsh+0. 1746
0036 IF(lW.LT92*231 GO TC 155

C COPPARISON EETWEEN CIR ANDC SS
0037 OsCIR-SS
0038 IFIABSICI- 5.01 162, 162, 161
0039 161 IF(DIR*GT*SS) GO TO 163
0040 G-G-0.C5

0041 GO TC 154
0042 163 G=G+0.C15
0043 GO TO 154
0044 162 IiRITE 16, 171)
0045 171 FORMAT117H TRA1KSPISS1VITVX FS.4/Il

0046 00 778 Ix1,LIi0047 CO 778 J,1920
0048 iF1(BIIJ)eEC*90*1 GO Tf1 A!,~

Fig. 10 The Computer Programme~ for Calculating

Global Radiation over Barbados

(conti~nued over page).
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0049 XlIJ-COSIAf19JJI'SlhtdSIJ,J)II0050 Xl2JwSINI8(IvJ3)*SJh4*t1,J3I
0051 Y13J*CCSM8IIJfI
0052 Ti.IX(I1ISINEFI.Xf33*CCS(FI*ICCSIFOI I
0053 T2-in-X(1I*COSIF),X(3I*SlhIF)IOSINI(FCJ

0054 kW-Z.16

0057 01-1. OfCO*0900011
0058 1FI01-2el) 121, 121, 122
0059 122 IFIQ1.CEo2.91 01-2.90

I0060 NFIQ1.CEE.3.O01 3.05 ii
0061 IFfIO1.EE.3v1 C1'-3*21

M~3 IF(Ql.e.F3o5l C1-3*59

0065 AFCOI.CGE*4*0J 01-4.37 :
0044 IFfIQ.GF.3.7) 01.3.82
@004 IF(Q01.CE.'..1 C185912

0068 IFIQ01.GE.5*51 C1-5.6C
0069 fFfQ1.G-E*6e0# 01-6.18

0071 iF(01*GEw 890 01,17.77
0012 1FI-.*C-Ev 89t) 01u8.5C
0073 IF(Q1.GE.10.C) Q1-10.35
0074 IF(01*CE@13*01 C1.12.44$0075 !FfO1.GE*17*CJ Q1-15.3t
0076 !FIQ01.EE24.01 01019.15
0017 121 IF(ABS(012.GT045*00 C10300C
0078 Q2-xtZI*SINIWI*CCS(FC),11*CCSIWI,
00,19 QTmg22T2
0080 IF(QC*LTo.0*O.oPCToLTeC.C? Q'ToCoC
0081 Sq IrJ)xS(!,J3.8O.0*G**c1*cTI0082 Wz*O 1745
0083 IFIWi.LY*Z2*2 GC TO 5
0084 SClJJJ.$(1,J34DIF*ICCSEB(IIJI/2.OI I**2
0085 6;3 TO 778
0086 414 Sf 1.JI-0.O
0087 178 CONTINLF
0088 tVRITE (i,,6321 (ESIv~d3 Ju1,2O3,I-1,L1
08se 632 FORMAT 42CFS.0l
0090 GO TO 661
0091 999 STO7P
0092 END

Fig. 10 (Continued)
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(FO. IF), and the direct (DIR) and sky-diffuse (DIF) radiation for the

day in question. The declination of the sun is expressed in degrees (FO)

and minutes (IF), and this value is converted to radians in steps 21 to

26. The direct and sky-diffuse radiation are daily totals in langleys.

Thus the programme can be used for a particular day, or else for a longer

;iriod by using the mean daily value for the period in question. Steps

28 to 43 effect the calculaticn of atmospheric transmissivity (G).

This is achieved by first calculating a daily total (SS) on the basis of

a transmissivity of 0.50 and accumulations every 40 minutes. This total

is then coupared with the direct radiation total already supplied, and a

re-calculation altering the -f G, either by decreasing it (step

40) or increasing it (step 42, .ected until the value of SS is

within 5 langleys of the value of measured direct radiation. The value of

G which achieves this is then used to calculate the direct radiation at

each grid point in a manner similar to that already explained in connection

with the base programme. The contribution of sky-diffuse radiation is

added in step 84.

The programme illustrated in Fig. 10 is arranged for a print-

out in table form (Fig. 11). This print-out gives the values of global

radiation at each grid intersection of the base map. Plotting the data

and drawing the relevant isarithms by hand thus becomes routine carto-

graphic procedure. Although this perhaps sounds an unnecessarily

lengthy way to produce the final map in view of the availability of

computer mapping progranmes, in fact it was found the most appropriate

way for making the maps of Barbados. This conclusion was reached after

trying out the computer mapping programme illustrated in Fig. 12.

-| l • ' | .. .. . il m 1 - ii - i l•. .. . .. .

! - m - •1
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539* S39o 539* 525. 538. 391. 418o 431o 4M1 41Eo 487o 448. 400. 491. 525. 525& DO DO 00 0.
536o 5259 539. 53#o 549. 93S. 52S. 481, 446o 418o 400* 47?* 491. 518. 525o 523o $25O 00 0, 0.
530o 52S@ S25o 530o 549. 513o 531. 4110 379o 417s 400. 506. 542. 512o 455. S. 4•0 6o 4S59 525. 0.

0: 0: O0 Co 0: Co 0° 0° 25 471. 455. 463. 483o 417. 487o 497o 513. 525o 525o 52S.
Oo Oo 0° 0 o° Co o: C° 517o 418. 400. 430. 490o 485o 4179 463o 474o 515o 500. 500o

0. DO DO DO Do Co 0. 0. Do Co 543o 431o 464o 408o 365° 474o 446. 470. 491o 455.
DO 00 00 Co Do Co 00 C. Do DO 525o 525. S30o 525o 1#64o 519o 519° 455s 4770 486o
Do 0. Oo 0. Oo Ce 00 C. 0° C. DO Oo Oo DO 525o 518o 491o 440o 497o 477o
0| 0. 0° 00 0. O o 0 . 00 0. DO Do O° DO O° o S33. 533* 523* 481o 497o 518o
Oe 0o 0. Do 0. Co 00 0. 0o 0. 0. DO 0. 0° 0.o O 525. 525o 463o 485O

Oo 0o DO Do Do Co DO C. 0. ce o O, 0 o 0 0 Ooa DO 525o 525O 525. 434.

00 Do DO Oo DO Co 00 as Do Do 0. 0. DO 0. 0, DO 52S. 525o 525° 506o
00 00 Olt Do Do Co 00 00 O, Do DO 0. Do DO DO DO 525o 525O, 514* 5140

Fig. 11 A Sample of Global Radiation Values,
Barbados
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C RADIATIONE STUCY. GLOBAL RACIATIONd MAP# BARSACOIS.I0001 CIPFNSICK A(120.20hB(IZ2C,201,X131,E1961.SYPICLI5O),S(120,201,C44,
1961

CINPUT LATITUCE IN PACIAke
0002 F*0.22e9

C READ GRAPPIB.C SYPSCLS

0003 READ (5@7C31I SYMe0L4p1=19 500l~O04 700 FORMAT (5OAk) I
C READ TWE LENGTHI CF THE MAP

0005 REAO(5,8881 L

00C6 888 FORMAT(131 I
000? LL"L-I

CREAC AZIMUTh- ANC GPACIEK.T CF SLOPES
0000 REAV(5910C; IIAII#J.t J"1,20191-1:II
00C9 100 FGAMAT (2CF4.Cl

OC0.1 101 FORM4AT (2CF3.01
0012 CO 860 1=1.1
0013 CO 880 J-1,2C

0014 IF(8(I.J1.EC.90.C) GC 10 p80e

0016 e1Ij1-f1(I.J1*O.C1745

0022 %iRITE 46,951031,Pi.LP
0021 56FCPSIAT (1141

0023 103 FOQPFAT(6H DATE0* 18, 131- CECLINATICNO ,F4.09 12//19"4 DIRECT INSOL
LATIONS *F6*1/2'.H SKY-DIFFLSE IKSCLATICKO ,F5.11

0026 IF(F13) 2C9 2C9 21
0027 20 Fr=(1C-FIF1*0.0!17,5

0028 GC TC 22

0034 21.1.0IECC4FIF.OCOI74

0036 22~ CLT00 CLOoS0
003175 SS-S,0.0*G*1

0032 hh+0.tf4I0035 IF(A8SLT.GT.21 C.O TC%155
0030 C~IFW 0-SS D=.

0031 IF(66S112 5.176,466 6

0032 16 IF(wI.:T.SSI1 GC TO 1535

0043 G=G-0.CS5
0044 GO Tr) 154
0045 163 C=G+0.C15

0047 162 1-RITC (6, 171)04 C6lTO1'

0048 171 FflHMAT117l TPAKSPISSIVITY0 , 5/)
0049 Co3 77jTh I1,L
0050 Cl: 770 J'1,2C

"I('51J,.q. GC Tr; 414
Z ~~'003 X(2 1lI-(rP(AI,J)) ' SIKNAItIIJI

0014 X( 3l=CS(B( I ,Jl
0055 Tl.(X(ISIJF.(lCSFIL(PI
005b T2.(-X(1)*Cr'S(Fl4X(3)*SINI(E) l*SIN(FC)
0017k-26
0058 S(IJl-C.C

Fig. 1.2 Computer Programme to Map Global
Radiation, Barbados

(continued over page).
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0060 01 .1.u(cL*O.OccI)
C061 cPfl-2,eI 1e.10 121. U--
0I 0362 1?2 IFIJ)I.CrC.2.91 CI-2.9C
0063 1P(Qi.C'r.3.01 CI.3.CS
0064 irfo1.rCC.3.11 C1.:.i1
0065 Jr.( Oi.EC.3.3) CI-3.3S
OC66 IF(Q1.C.t.3.51 CI-3.5r

0067 19101.CE.3*71 CI-3.82

009 1F(tJ1.C.4:6) CI:4.7?
0070 IF ( 1 c; 5 0 ,! CI5 12
001 IF(0 1. U0.515 rl!.t.C
0072 irg(J..CF.6.01 CI-6.18
0073 IF41I(.1.F. 6.5) Cl*6.8e
0074 MP01.CU. S.C) CI-.771
0015 IF ( .1.CF: d:L1 C1~b.9C

006 TF(O1.GE.10 c I C10v3s
0077 121 Q .C 3 Ci IZ1:44

OC9 c(Ql1.CE*24.C) 117
0080 12 EFA8kJIc.o;T.45.0, C1-3C.C
0081 02--X121*ST?4(W)*CCS5(FCI#71-'CCS(leI
0082 CT.)27
0083 FIXr.L.T.O.O0PrI.LT.L.T.E.C, f.T-.C
0084 S(I.J1-S(I,JIJ.8C.U*G-*CASCT

0085 & Mw.LT.-.21 GC TC 5

0087 S(1,J)-S( 1,J).O1F-(CCSte8IJi/z.0uI 3-2
0088 CI' TC 770
0089 414 S(1;V[O0.c
c090 778 Cil-I.JL

C01 C EXPBN!, THF A.VAY INIC 4,56

0092 801 CO A'0C 1.LA,Ld

0009: CJ 800 J-1.2C

0094 f(1,J*!-41-S(IJ1
C095 800 C(49J$S -41511.,J)
C096 00 777 1-1,4,3
COS? PC' 777 .i.1,91s5

0098 onl 777 P-194
0099 

c".
0100 777 C(IIJ+,DI.(15.0-CMP*CII,J),CV.C(1,J,5,p,5.o

0101 00 ill 1-1,1
0102 c, III J-i,96
01 03 SO ill N-192

0104 CN-tI
0105 111 C(IIN,JI.E(3.0-Jk,*C(IIj)4CNr'(I1#3,J)I/3oU

a0106 IV1
0107 602 c1 7C1 J-1096

0108 K-CfI9J)/2b*C41.C
01C9 F(J1-SVMVRL(I1I
0110 701 C13NT114LF

011hIEe140112 704 F~3RtATf1N S~oil)
0113 1-1+1
0114 IF(.L.E.3) GiC TI' 602
0115 LA=LA+1
0116 IF(LA.LF*LL) GC TO b01
0117 Gr Tr (61

0119s ENI'

TOTAL 14EPCPY PECUJRE$4ENTS C08A88 bY7FS*

Fig. 12 (Continued)
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The print-out for this programme (Fig. 13) uses a symbolism

based on an isarithmic interval of 25 langleys. The arrangement of

this symbolism is based on groups of three letters separated by blanks.

Since daily totals of global radiation are unlikely to be below 100

langleys in the tropics, the first symbol (*) indicates a range of

75-100 langleys. The other values then follow by letters of the alphabet:

* ABC DEF GHI JKL MNO PGR STU

From this sequence it follows that A refers to 125-149 langleys, B to

150-174 langleys, C to 175-199 langleys, the blank between C and D to

200-224 langleys, cnI so on•. The plotting scale on the computer map is

half-an-inch between each grid point, and the computer effects an inter-

polation between the calculated values at each of these points.

A sample of a map of part of Barbados prepared in this way,

with isarithms drawn in by hand, is given in Fig. 13. The map illustrates

the advantages of the system as a rapid means of providing a general Ii
picture of the distribution. For a map of the whole of Barbados, however,

modification of the programme is necessary in view of the different I.
density of grid points used to sample the varied topography of the island,

or alternatively a rather complicated arrangewsnt of enlargement and

reduction of the maps of different regions has to be done to bring them

together on one, suitable scale. Even with such modifications, all of

which were tested, the resulting map presented a rather generalized

picture. After a number of trials of differrnt systems, therefore, it

was decided to use the digital print-out illustrated in Fig. 10 as the

most appropriate method for preparing the maps illustxated in this report.
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Hourly Radiation Mappin g

A! thoLgh the nethod for evaluating the surface variaticas of

global radiation which has been outlined is intended primarily for me

with daily totals or lic ger periods, the tests for accuracy give to the

system at Mont St. Hilaire, Quebec, suggest that it can, in fact, be

used for shorter periods, with probably an hour as the mini reliable

time period. It is useful in the tropics to examie the radiation

distribution over such a short period. This is because the sm rises

quickly and its heating effects are strong soon after sunrise and until

just before sunset. By the time the sam has reached an altitude of 300

above the horizon topographic inflLtences become somewhat reduced. The

varied pattern of heating in the early morning hours, oaever, n

theoretically influence the development of early morning convection.

In Barbados the steepest slopes on the island tend to be generally towards

the east. Thus, At was felt desirable to arrange a computer prograwme

to calculate the topographic variations of global radiation on an

hourly basis.

Such a programme is illustrated in Fig. 14. It is basically

the same as those shown in Figs. 10 and 12, but differs somewhat in the

data supplied to it. These data are indicated in step 15 of Fig. 14.

They consist of the year, month, and day (LU), the angle of declination

of the sun (FO, IF), the extra-terrestrial radiation (SOL) in langleys

per minute, the atmospheric transmissivity (G) for the hour in question,

the sky-diffuse radiation in langleys for the hour (DIF), and the time,

which is given as an hour angle in degrees and decimals of a degree,

with solar noon as zero and negative values before noon. This time value

FI
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C p.~rIAr rt STUI'Y CF FAPeADES HrUPLY MAPPING
0001 ",1PtNKSI~h A(120,dc).eI12CaG,,)X431,Sg120.201

C P!PLT LATITUIfE iN PACIANS
0002 P.C.22t9I

C REAC 7111 Aup"CP. OF CARCS
0003 AFAC45odes)~ L
0004 as@ rcP4q61jj3

C REB. AZIP'UTH ANC GR.%CIEKN7 'F SLOPES
¶0005 r-thD1591001 (IAht1JI. .j'1.201#101.LI

COC6 1100 rFf:PMAT f2CF4.01
0007 RPDL:(5,101) f(F(1,IJa1t,~2C1, 1m1,tL)
GOCS 101 FCRPAT 120P3*O)

0011[FtRI*Jlr-CC*01GC TO EEO

0012 *II.J~zA(I*1**~O*C1745
0013 P(IIJ1UBfIJ1JI"0C174t,
0014 880 CONT IALE
0015 661 PFAM,59IC29EIDu59IL1, FE9 IF, SCL, Go DIP. TIPSf
0016 102 PfAMAT1I89 F4*Ct 12t 4F66CI
0017 ksT!,4e4O.OI745
0018 hqIrE (6,9561
0019 956 FPONAT 11s411
0020 hVRITE(69I03) LIFC, IF, G, DIP, TIMF
0021 103 FORPAT(6H DATE# t IS, 131- CECtIKATICNO ,F4o0, 121117,4 TRASP*ISSV*If

I7Y@ tFto.3/2'4H SKY-DIFFLSE INSOLATICNI ,F5.1/614 T104FO *F6e21
0022 FI1mtIF
0023 FIF-FIF*C*0167
0024 IFIFOI 2C9 20t 21
0025 20 FCuIFC-FIF)OC.01145
0026 GO TC 162
0027 21 FCs1FC.FIFI*C.CIlE.5
0028 162 CONTIKLE
0029 DC 778 1=191
0030 CO 778 J1.tZo
0031 IF(I(IvJI.EC*90.I GE? TC 414
0032 X(11Is-CCS1A(IvJ11*SIIh(6fZJ1J
0033 XIZ~wSIKN8IUIjJ))4SIN4AfI.J)I
0034 XI3IsCCSIB(IIJll
0035 Tls(XI1I*SI'EIFIX313*CCS(FI)*CCSIFCI
0036 TZu(-X(1l*CaS(F:,Xt31.SIhI(F$I*SIpKdFCI
0037 SEIqJI'CqC
0038 5 QCUCCSIFCI*CCSIFI*CCS~hJSINIFOI*SIN(FI
0039 Q~v1.O/EcD+O.00018
"ii0040 IFf01-2eLSI 1211, 1219 122
0041 122 IPIQI.GF92-01 G1=2.SC

0042 IFIOI.EE.3eCJ C1*3e0S

C044 IFIQIGE(.3*31 C10393
0045 IF(01.4CEe3o5l G103*SS

*0046 IF1IO.Ee.3&71 C103382
0041 IFi01.CE*4oO1 CLS4*07
C048 IF(OI.C-F.4.61 C1a4.72
0049 IFfQI.GE.5.sC) CI*5912
0050 IF (11* !Fe So51 C1-5*6C
0051 IFIOI*CE~e.oZI C1=6&18
0052 1(01,CcE. 6.51 QLi'6.88

*0053 IF4OI.CF. 1.0) C1-7.77
0054 ICIC1.CE. doe81 C188.90
0055 IF(I0C.Gi~.13Oi GImICs3S

*0056 IFO1Q.GE.1f.C) CI=15.34

0058 lF1O1*Cf-o24eOI .1-1V.7S
0059 121 IF(h8SfIC1J.T*45mUi C10309C
0060 02S-XI2I*S194OJ*CCSIFCJ*11*CCS(hI
0061 CTsQ2*TZ
C062 JFIQCeLTeCCeCP,,C7.L7.C.CI OTwC.V
"063 S(IJi.SII.JI,60.0O*SCL*G**CIWOQT
0064 S4iJi)-iI.jJ*D1IF*ECCS(BIIJ3/2.G3I**2
605 GO1 10 77t
006.4 414 S(I*J10.0o
"067 776 CO##TlkLF
0069 hAITE 16.652) lifSIvJi,- JaI,203.Isi1.LI
0069 632 POPPWA? 2CFSe0I
0070 Gr TC 661
0071 999 STCP
0072

Fig. 14 Ccuuter Program 6o Calculating 30"Jij
Global Radiation in Barba&=s
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is then converted to radians in step 17.

The value of sky-diffuse radiation is supplied directly for

the hour in question from the radiation observations of the site being

used. To obtain the atmospheric transmissivity (G) it is necessary

first to obtain the height of the sun above the horizon for the given

hour. This is provided by a programme of which a print-out of results

is illustrated in Fig. 15. In this example, the solar declination (FO)

is for June 21st and shows that at 6 am solar time, hour angle (W) = 0.00,

the height of the sun is 5.040 above the horizon in Barbados. The

values for W are given every twenty minutes, from which the height of

the sun at the mid-point of the relevant hour can be readily found.

The results of a second programme (Fig. 16) are then used to obtain G

by reference to- the height of the sun above the horizon (EJ) and the

value of the direct radiation, in langleys per m~nute (Q), observed at

the station during the hk ur. These data are then ins:'rted into the

computer programme and the calculation of the global radiation at

each grid-point of the base map proceeds in the usual way, with a

digital print-out for results (Fig. 17).

It will have been noticed that neither in the mapping of

hourly values nor of daily totals has any allowance been made for the

influence of local sky-line obstruction on the topographic variation

of radiation. A method to allow for this when necessary has been

devised and incorporated intc the zcomputer calculations (Ohmura, 1969).

However, analys.s shows that the influence of a local sky-line is

negligible on daily totals except in mountainous areas of middle and

higt. latitudes, and for hourly values only when the sun is low and the

local relief partiv-larly rugged. It needs to be allowed for in the



-42-

FO W DEG FO W DEG

0.40143 -1.5708'j -53.qQ942 0.40143 1.57030 3.r)"l8
0.40143 -1.48353 -53.66806 0.40143 1.658!16 74.43,.Y57
0.40143 -1.39627 -52.69167 0.40143 1.74533 76.2115'.
0.40143 -1.309C3 -51.l1q17 0.40143 1. 932 99 72.6nt24
0.40143 -1.Z2173 -47.')1848 0.40143 1.91986 6-.547)1
0.40143 -1.13447 -45.467r'1 C.4tJ t;.ur. t I1 7. ',n

S0.40143 -1.n,.72' -41.539'02 0.4e143 2.0Q439 51. 34225
0.40143 -0.95993 -4,'.V%13P 0.40143 2.1P166 5r. 34641
0.40143 -O.q7267 -36.831178 0.40143 2.26R92 5 .0 ? ;5
0.40143 -0.7854") -33.1144r, C.40143 2.35619 4A.22915
0.40143 -0.69813 -2q.-> 5t;,7 0,40143 2.44346 41 .I3R12
0.40143 -0.61087 -i5.24q6L 0.*0143 7.53072 37.03824
0,40143 -%.52361 -21.13444 0.401043 2.61799 3_.4g359q
0.40143 -0.43613 -10.,o"1 0,40143 ?.7C525 27.R367?
0.40143 -0.149C-7 -12.64'-'. 0.40143 2.79252 _2.245-!7
0.40]43 -- 1.261RA) -A.29317 0.40143 2.87979 1-4.6b-44
0.40143 -0.17453 -l.,q3A3 0.40143 2.96705 ift.1.216
0.40143 -0.08727 ".55739 0.40143 1.05432 2*55977
0.401'3 0. 90')u' 5.r14275 P.4C143 3.14153 5.04316
0.40143 0.087257 3 .5939 0.40143 3.22885 ').55784
0.40143 0. 17453 1. 118? 0.40L43 3.31612 -3.8899C
0.40143 0.26100 18.',-512 0.4014*3 3.4C33d -4.29'67
0.40143 0.34C'07 23.2447A 0.40143 3.49065 -17.64169
0.40143 0.43633 27.113647 0.40143 3.57701 -1'.9?636
0.4q143 ).523 6,1 3?.43578 0.4C143 3.66518 -21.13377
0.40143 0.61087 37.,3381!, 0.40143 3.75245 -25.2490i6
0.40143 0.69913 41.63797 0.40143 '. 33971 -?2.24956
0.40143 0.78540 44.2•994 0.40143 3.926983 -3'.1137q
0.40143 ',.87?67 50.90.46 0.40143 4.01424 -36.81018
0.40143 0.95993 55.14637 0.4C143 4.10151 -4I.3(%n70
0.40143 1.34720 59.q4221 0.40143 4.o9978 -43.53844
0.40143 1.13447 64.26n17 0.40143 4.;7604 -46.46646
0.40143 1.22173 43.547")1 0.40143 4.36331 -49.01. 8

$ 0.40143 1.309rI 7?.6A.fl4 0.40143 4.,45057 -51.11848
0.40143 1.39626 76.21140 0.40143 4.53784 -52.69138
0.40143 1.48353 79.93057 0.4%143 4.625i0 -54.66792

0.40143 4.71237 -53.99942

Fig. 15 "he Elevation of the Sun at Different
Tiies on June 21 in Barbadiks



-4

QJ G
20900000 fn.2O000 0.65666
25.00000 0.20000 0.54383
30.00000 0.20000 0.44721
35.00000 0.20000 0,36719
40.00000 0.20300 0.30240
45.00000 0.20000 0.25080
50.00000 0.20000 0.210 19
55.00000 0.20000 0917857
60,00000 0.2(VO00 0.15420
65.00000 0.20000 0.13565
70o00000 0.20000 0.121dl
75*00000 0.20000 0.11185
80.00000 0.20000 0.10513

20.00000 0*30000 0*75434
25.00000 0.30000 0*64548
30.00000 0.30000 0.54772
35.00000 0930000 0*46333
4(,00000 0.30000 0.39244
45.00000 0.330000 0.33407
50.00000 0.30000 0.28676
55.00000 0.30000 0.24892
60o00000 0.30000 0.21907 r
65.00000 0.30000 0.19589
70.00000 0.30000 0.17830
75.00000 0.30000 0.16547
80.00000 0030000 0.15673
20.00000 0.40000 0.b3234
25.00000 0.40000 0012893
30.00000 0.40000 0.63245
35.00000 Go40000 0*54645
40.00000 0.40000 0.472 15
45.00000 0.40000 0.40943
50.00000 0.40000 0.35746
55.OOOCO 0*4:0000 0.31507
60.00000 0.40000 0.28104
65.00000 0.40000 0.25424
70.00000 0.40000 0.23365
75o00000 0.40000 0.21847
80.00000 0.40000 0.20806
20.00000 0.50000 0.89835
25.00000 0.50000 0.80101
30*00000 0.50000 N'70711
35.00000 0.50000 Oo62107
40.00000 0.50000 0.54497
45.00000 0.50000 0.47941
50.00000 0.50000O 0.42409
55,00000 0,50000 0.37826
60.00000 0.50000 0.34096
65.00000 0.50000 0.31122

70.00000 0950000 0.28816
75.00000 0.50000 0.27102
0.o00000 0.50000 0.25920

Fig. 16 Atmospheric Transuissivity, Solar Radiation,

and Si Angle -Barbados
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CATEg19641215 DECLINAT/Ctig-i3o13

TtANSN| SSIV ITVA COCO
SKV-DI/FFU$CE INSOLATICNI 89C
TIfME9-52.OC
Use 33. 40. 31s 359 3t0 36o 35* 36o 3%e 37e 35. 36e 0. 0. 0. O 0. GO Goe0
359 33* 21. 21. 349 26* 29e V.7 35* 35. 35. 35o 35.0.O 0•. 0. 0. 0. 0,. 0.
31. 34o 26* 3T. 319. 3S. 42. 3C. 34* 35. 35o 35o 35. 0. 0. 0. Oo 0. 0. 00
35.e 36. 30* 34o 35. 37e 41e 4C 3C. 32o 26. 36. 35. !5.o 0. 0, 0* 0*0. O 0.
37e 34. 16e 369 3S. 3toe 35e 3(* 38. 34oe 36. 35. 36. !.•b Go 0. 0. 0. 0. 0.
3s: N1. 319 3S. 35. 35. 3.5o 36o 40. 42. 333, 319 39. 4'C* 0. Oe 0 0. O. Oo0 .0

35e 99e A. 36e 3%e 3%o 35. 35o 330 Go 4 . 3to 31* 38. 34. 34o 0. 0. 0e 0.• Ce

35. 35* 3S.5 35. ?1e 31:e 33e 33o 36e 33. 31. 32o 33. 38. 51.o 0. 0. GO 0.
Goe e 0. C. 35. 31. So33o 34. 31o 34.0 3". 32. 33. 49. 33. 39. 0. 0., 0.
Ca. 0. Co C. 35e 32. 41. 34* 35. 330 26. 30. 3S. 35. 25.e 4rZe 41. 0. Go
0. 0. 00 C. 0. Co . 0. G 34. 34. 33. 36. 43e 4C. 43. 33. 44. 45. Of 0e
0e O0 0. Co Go co 0. Co JSe 35. 31. 31. 4J2. 39. 43. 3t. 4,6. 30. f). C.

0e 0. 0. C. 0. C. Co C. 3f•e 36. 26e 34. 39. 4C. 36. R•. 45. 39. Of C.
0. Oe 0. C. 0. C. 0. C, 31.0 UsC 35o 35. 42. 37. 49. 45.e 4,6. 35. 0, C.

0. 0e 0. C. Go C. 0. C* 33. 2S. 31. e .52 44o 42. 49. t6. 41. 36o Of 0.
0. 0* 0. C. 01 C. 0* Co 30. 31. 51. 45. 43. 39. 44. 44.e 39., 3'. 35o 00

0. 00 0. Co 0. C., co Co 32. 33o 4'3. 48. 45. 4e2 41. 46. 39.e 4'2 39v 0.
0 40, e '• o Q G • Se"7 H 31., 41. 39. 41.e 39. Moo 37. 35.

O Oe e Co " C: 0e Oe 41 45e 45:o 45. 45. 41. 37o 40. 2'6. 44.e 35.e 3.t
0* 0* 3e:6e •3v. 27. 31. 41b •4. 37. #ge 42., 44. 44.o 3?. 42. 46. 39. 35. 3>). 33.3
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tropics, therefore, only under exceptional circumstances, when

for example, a detailed study over short time periods is underway.

In Barbados, the local relief is nowhere so strong as to influence

materially the distribution pattern of global radiation at the scale of

the present study. Consequently, no allowance has been made for such an

influence in the work discussed "n this report.

1
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| | n
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W-lation equipment at Brace Experimental
Station. Upper photo: Kipp solarimeter.
Lowr photo: shielded silicon cell, with
Campbell-Stokes sunshine recorder nearby.
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IV

SELECTED GLOBAL RADIATION MAPS OF BARBADOS

The methods of calcu tion and the couputer programming which

have been described have been used to make a number of global radiation

maps of Barbados. These are somewhat preliminary in nature, and it ta

not the purpose of this report to offe' either a detailed analysis of

them or a substantive scientific interpretation of the results which

they show. Some general comments on a few of the maps, however, may

serve to illustrate further the scope and usefulness of the procedures

which have been developed. j
All the data for the maps illustrated here were derived from

observations made in 1964 at the Brace Experiment Station, located

in the grounds of the Bellairs Research Institute on the west coast of

the island (Tout, 1968). An Eppley pyranoneter and a Kipp and Zonen

pyranometer, both calibrated at the Canadian Meteorological Headqaarters

in Toront-, were used interchange.blby for measuring global radiation.

A silicon cell unit, with a shadow band, was used for the sky-diffuse

caqonent. Corrections were made to allow for the fraction of the

radiation screened by the shadow band itself, and the resulting values

were subtracted from measured global radiation values to obtain the

value of direct solar radiation.

The instrxunts were connected to Honeywell strip chart

recording potentiometers, the continuous record thus obtained being

analysed by hand =o obtain hourly values. There was scaw obstruction

m m e J | | e e m •
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Fig. 18 Mean Daily Distribution of Global Radiation
in Barbados, July, 1964
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to the site by trees. This influenced daily totals by no more than a

maximum of 3% (Tout, 1967). However, the presence of the obstruction

means that the .•ecotds near the beginning and end of each day are unreliable

for hcurly analyses.

TABLE TRREE

Mean Daily Radiation Totals for Sele 'ted Months, 1964

(langleys per day)

Month Direct Sky-Diff'Ase Global

July 241 210 451

September 212 199 411

December 318 114 432

The first three maps used as illustration (Figs. 18, 19, 20),

show the mean daily value of surface variation in global radiation for July,

September, and December, 1964. It is interesting to note from Table

Three that the mean daily valve of global radiation recorded for each of

these months was ratler similar. This similarity fror one month to

another is a feature of global radiation observations in the tropics

when such measurements are confined to instruments well-exposed in a

horizontal position. Figs. 18, 19, and 20, however, show that such

similarity successfully hides the topographic variation which actually

exists. This variation is expressed in the maps illustrated partly by

ta.e range oi values over the island: and partly by the actual spatial

pattern. The former are low, approximately 30 langleys per day, in the

two nigh sun nths of July and September, but the range exceeds 100
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langleys per day in December. There is, however, more spatial variety

in the July map than in the September map, This may be explained by

the fact that the sun is further from the zenith at noon over Barbados

in July than in September, especially during the early part of the

month. The relatively low range, however, reflects the comparatively

large contribution of sky-diffuse radiation to global radiation totals

(Table Three) since sky-diffuse radiation is not as sensitive as direct
S~solar radiation to topographic influence.

SIn December, 1964, some 75% of the global radiation total was

direct. With the s-in at its lowest elevation of the year during this

month, the resulting spatial pattern expressed considerable diversity.

The influence of surface geometry on the spatial distribution of the

direct radiation component under these conditions is accordingly

manifested in the large range of daily values from place to place during

this month.

A specific example of the influence of solar elevation, even

in the tropics, when the direct component in global radiation totals is

high, is illustrated in Figs. 21 and 22. The measured direct radiation

totals on the two days shown were almost identical: 438 langleys on

June 18, and 436 langleys on December 28. Sky-diffuse radiation for the

two dates was 152 langleys and 74 langleys rerpectively. The resulting

totals of global radiation, 590 langleys for June 18 and 510 langleys

for December 28, are typical of the general range of radiation values

in the tropics when measurements are confined to the horizontal. A much

greater contrast is apparent ,t;aen the element of topographic variation

is introduced.

In comparing Fig. 21 with Fig. 22 it must be noted that the
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scale of shading differs from one map to the other. The June map has

an isarithmic interval of 25 laxgleys and that for December of 75

langleys. The cartographic problem of showing adequately the two

patterns by the same isarithmic interval at the scale permissible at the

page size of this report, itself underlines the contrast between the

surface variations of global rediation on the two dates. The range of

values on June 18 was little more than 75 langleys; that for December

28 exceeded 225 langleys. Thus, an interval of 75 langleys for the

June map would have suggested a topographic uniformity which did not,

in fact, exist, while a 25- langley interval for the December map would

have produced a complexity too great to be shown on a small-scale map.

These comments alone emphasize the contrasts in the topographic variation

of global radiation during the two days -- two days with generally similar

solar radiation totals, and an atmospheric transmissivity and pattern of

cloud characteristic of a clear Barbados day.

The remaining maps illustrate mapping on the basis of hourly

radiation values. An example for a specific date, June 18, 1964, is

given in Figs. 23 and 24. The morning hour chosen, 0800-0900 hours, is

the first hour of the day in which the observing instruments were clearly

unaffected by the obstruction-, referred tc earlier as existing at the site.

The midday hour was chosen for comparison becau-e the sun was then at

its highest elevation of the day.

The day in question was clear to begin with, but clouds developed

later. Thus of the 47 langleys recorded on a horizontal surface between

0800 and 0900 hours, 38 were contributed by direct radiation. By contrast,

one-third of the 70 langleys recorded between 1200 and 1300 hours were

contributed by sky-diffuse radiation. Whereas atmospheric transmissivity
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was 0.80 in the morning hour it had been reduced to 0.63 by midday.

Comparison of the two maps shows clearly the greater spatial

diversity at the morning hour and also the higher radiation income

of the east-facing slopes than at midday. Indeed, some areas, such as

northwest of Belleplane, changed little in the value of their global

radiation income between the morning hour and midday, whereas thn rest

of th'i island experienced an increased radiation total as the sun

approached its highest point.

The monthly maps of mean values in December (Figs. 25 and 26)

also shows a tendency for east-facing slopes to have a relatively high

global radiation income in the morning hour. That is not true, however,

of the two July maps (Figs. 27 and 28). The difference may be related

to the contrasts in the contribution of direct radiation to global hourly

totals in the two months (Table Four). Whereas in December thk 'nean

daily contribution of direct radiation was 76% at 0800-0900 hours and

73% at 1200-1300 hours, in July the contributions at the same hours were

both 57%.

TABLE FOUR

SELECTED MEAN HOURLY RADIATION TOTALS, 1964

Month Time Direct Sky-Diffuse Global

July 0800-0900 20 15 35

1200-1300 34 26 60

December 0800-0900 26 8 34

1230-1300 44 16 60

C - - - . - - - --
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V

CONCLUSION

The aim of th.•s report has been to outline and explain methods

which have been developed to portray the topographic variations in

global radiation by using the radiation observations of a single,

representative site. The sample maps used as illustration proviee an

indication of what the method reveals in a tropical context. Brief

and superficial as are the comments made on the latter, it would appear

that the principal conclusion which can be drawn is that, even in the

tropics and in an area of generally _.1!y moderate relief, the actual

surface variation of global radiation totals and intensities are

greater than the normally made observations imply. These variations

not only provide an important surface pattern at a given time, but also

vary in their character at different times of year and under different

weather conditions. In an atmosphere as sensitive to disturbance as

the humid atmosphere of the Barbados region, small variations in the

surface radiation may well have important co.-sequences for convective

development through the day. For this reason alone a fuller investigation

of the pattern of short-wave radiation income revealed by the preliminary

maps of this report seems worthwhile.

There are,however, wider implications. Many aspects of economic

development are related to a knowledge of surface radiation balance. This

is particularly so in relation to problems of agricultural development,

plant growth, and water supply. To understand better the topographic

variations of the surface energy budget is a first qtep towards a better



understanding of the ecological environment. The diversity of this

environment is intimately related to the diversity revealed by thi

application of the analytical and mapping methods outlined in this

report. Tropical enviroments are, indeed, not nearly se anifonI

as one is often led to suppose.

II

S A
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